Mesophyll conductance (g m ) and stomatal conductance (g s ) are two crucial components of the diffusive limitation of photosynthesis. Variation of g m in response to CO 2 concentration was evaluated by using two independent methods based on measurements of variable electron transport rate (J) and instantaneous carbon isotope discrimination, respectively. Both methods of g m estimation showed a very similar shape of the g m /C i relationship, with an initial increase at low substomatal CO 2 concentrations (C i ), a peak at 180-200 mmol mol 21 C i , and a subsequent decrease at higher C i . A good correlation was observed between values of g m estimated from the two methods, except when C i <200 mmol mol
Introduction
Mesophyll conductance restricts the influx of carbon dioxide from the leaf internal airspace to the site of carboxylation and, therefore, may be a crucial component of the diffusive limitation of photosynthesis besides stomatal conductance Di Marco et al., 1990; Flexas et al., 2008; Warren, 2008b) . Early gas exchange studies assumed that mesophyll conductance (g m ) was large and constant and, hence, that CO 2 concentrations in substomatal cavities (C i ) and in chloroplasts (C c ) were nearly the same (Farquhar et al., 1980) . However, a number of studies indicate that g m may significantly limit photosynthesis and several sources of variation in g m have been described, including water and salt stresses and changes in leaf temperature (see Flexas et al., 2008, for a review) . Several studies have investigated the response of g m to changes in CO 2 concentration. Harley et al. (1992) argued that the observed reduction of g m when C i was increased from 100 lmol mol À1 to 300 lmol mol À1 in Quercus rubra was due to unreliable values, owing to the great sensitivity of the g m estimation to errors in the determination of the electron transport rate (J). However, some decrease in g m , when estimated by the isotopic method, was also observed by Loreto et al. (1992) , especially in Xanthium strumarium. Dü ring (2003) analysed the relationship between photosynthetic rate (A N ) and C i measured simultaneously by chlorophyll fluorescence and gas exchange and observed a clear decline of g m with increasing C i . Centritto et al. (2003) showed that keeping salt-stressed leaves showing decreased g m at low C i for 1 h resulted in a restoration of control values for g m . Flexas et al. (2007a) have provided the most detailed analysis yet of g m variation in response to changes in CO 2 concentration. Six different C 3 species showed between 5-fold and 9-fold variations in g m with changes in substomatal CO 2 concentration. The pattern of the g m /C i dependency was species-dependent, and g m strongly declined at high C i . Moreover, Flexas et al. (2007a) verified these CO 2 responses of g m using the variable J method, the curve-fitting method, and the isotopic method under both photorespiratory and nonphotorespiratory conditions (although the latter two only at 400, 1000, and 1500 lmol mol À1 CO 2 ambient concentrations). However, more recent studies have yielded contrasting results. For instance, Hassiotou et al. (2009) observed a CO 2 -dependency of g m in Banksia species using the fluorescence method, which has also been suggested by Yin et al. (2009) using the same method as well as a novel A N /C i curve-fitting approach in wheat. However, Tazoe et al. (2009) , also working with wheat, did not observe any CO 2 -dependency of g m using the isotopic method.
Since all methods rely on certain assumptions, the simultaneous application of several techniques is useful in order to increase the reliability of g m estimation (Pons et al., 2009, this issue) . Several authors have obtained similar values of g m when comparing the isotopic and variable J methods (Warren et al., 2004; Flexas et al., 2006 Flexas et al., , 2007a , or the curve-fitting (Ethier and Livingston, 2004; Ethier et al., 2006) and variable J methods (Flexas et al., 2007a) . Although all the methods share some assumptions-so that it is not surprising that they yield similar results-Warren (2006) pointed out that the isotopic method is the one sharing the fewest common assumptions with any of the other methods, which makes it a prime candidate for any study aiming to use multiple methods.
To the best of our knowledge, no comprehensive analysis of the CO 2 -induced variation of mesophyll conductance by simultaneously using the variable J method and the isotopic method has been published. Therefore, the aim of the present work was the detailed evaluation of the g m /CO 2 relationship by using two independent methods without overlapping assumptions. Also, potential interactions between stomatal and mesophyll conductances were analysed by comparison of control plants and plants whose stomatal conductance was reduced by the exogenous application of abscisic acid.
Materials and methods

Plant material and growth conditions
Plants of Helianthus annuus were individually grown from seeds in 3.0 l pots filled with perlite in a growth cabinet (Snijders Scientific, Jumo Imago F3000, Netherlands) with a 16/8 h day/night cycle. Day and night temperatures were 25°C and 18°C, respectively, and the relative humidity was 70%. Photosynthetically active photon flux density (PPFD) during the light period was held constant at 300-400 lmol m À2 s À1 depending on the height of the individual plants. Throughout the experiment a commercial nutrient solution (Kristalon Start, NU3 BV Vlaardingen, The Netherlands) was supplied every 2-3 d. 30 d after sowing, one-half of the plants was exogenously supplied with 20 lM abscisic acid (ABA; Sigma-Aldrich, Seelze, Germany) dissolved in 1 ml of methanol. An aliquot of pure methanol was added to the nutrient solution of the control plants.
Gas-exchange and chlorophyll fluorescence measurements
All measurements were made on young fully expanded leaves, 3 days after ABA treatment. Day respiration (R d ) and the apparent CO 2 photocompensation point (C Ã c ) were determined according to the method of Laisk (1977) . To estimate R d and C Ã c simultaneously, A N /C i curves at five different PPFDs (50, 100, 150, 300, and 500 lmol m À2 s À1 ) were determined for six different CO 2 levels ranging from 50-300 lmol CO 2 mol
À1 with an open gas-exchange system, Li-6400 (Li-Cor Inc., Lincoln, NE, USA), equipped with a 233 cm broadleaf chamber and an integrated light source (Li-6400-02B; Li-Cor, Inc.). The point where the five A N /C i plots intersect represents C Ã c (x-axis) and R d (y-axis). C Ã c was used as a proxy for the chloroplastic photocompensation point (C*), according to Warren (2006) . Calibration of the relationship between chlorophyll fluorescence and rates of electron transport was carried out using the Li-6400 with an integrated fluorescence chamber head (Li-6400-40; Li-Cor, Inc.). Photochemical efficiency of photosystem II (U PSII ) was calculated following the procedures of Genty et al. (1989) from steady-state fluorescence (F#) and maximal fluorescence (F # m ) during a light-saturating pulse:
The electron transport rate J f is then related to U PSII :
where PPFD is the photosynthetically active photon flux density, a is the total leaf absorptance, and b represents the partitioning of absorbed quanta between photosystems II and I. The product a3b was determined, following Valentini et al. (1995) , from the relationship between / PSII and / co 2 (where / co 2 ¼(A + R d )/PPFD) obtained by varying either ambient CO 2 concentration under non-photorespiratory conditions in an atmosphere containing less than 1% O 2 . The R d determined via the Laisk method (Laisk, 1977) was used to calculate / co 2 . Mesophyll conductance (g m ) was determined at different CO 2 concentrations from simultaneous measurements of A N /C i and J f /C i curves. CO 2 -response curves were performed in three light-adapted leaves of four ABAtreated and four control plants at PPFD of 800 lmol m À2 s À1 with a 10% fraction of blue light to maximize stomatal aperture. Leaf temperature was kept close to 23°C and leafto-air vapour pressure deficit was approximately 0.75 kPa during all measurements. 20-30 min after clamping the leaf, once steady-state was reached, a CO 2 -response experiment was performed. Gas exchange and chlorophyll fluorescence were first measured at 400 lmol mol À1 ambient CO 2 (C a ), then C a was decreased stepwise to 50 lmol mol À1 , and after that returned to 400 lmol mol À1 to restore the original A N value. Subsequently, C a was increased stepwise to 1500 lmol mol À1 . C a was changed in 14 steps and the time lag between two consecutive measurements at different C a was 3-6 min.
Leakage of CO 2 into and out of the leaf cuvette was determined for the range of CO 2 concentrations used in this study with photosynthetically inactive leaves enclosed in the leaf chamber (obtained by heating the leaves until no variable chlorophyll fluorescence was observed) and used to correct the measured leaf fluxes (Flexas et al., 2007b) .
Estimation of g m by gas exchange and chlorophyll fluorescence
Mesophyll conductance (g m ) was estimated by a singlepoint method according to Harley et al. (1992) as:
where A N and C i are taken from gas-exchange measurements of CO 2 -response curves and C* and R d were estimated using the method of Laisk (1977) (see above).
Estimation of g m by instantaneous carbon isotope discrimination
Simultaneous measurements of gas-exchange parameters and carbon isotope composition were carried out with a Li-6400 leaf area meter. Owing to the small 13 C discrimination, a 632 cm narrow leaf chamber (Li-6400-11; Li-Cor, Inc.) was used to maximize the draw-dawn in CO 2 between chamber inlet and outlet. The leaf was illuminated with a laboratory-made LED red/blue light source. PPFD was 800 lmol m À2 s À1 with a 10% fraction of blue light. 20-30 min after clamping the leaf, when steady-state was reached, CO 2 -response curves were performed. The chamber exhaust tube was connected to a gas sampling container with a Swagelok Y-piece connection. Under steady-state conditions, air exiting the cuvette was collected in the 100 ml container for 10 min. After that period, the chamber exhaust tube was reconnected to the instrument's match valve and the matching procedure was carried out before recording the actual gas-exchange parameters at the various CO 2 concentrations of the CO 2 -response curve. The flow rate through the leaf chamber was 350 lmol air s À1 , and the air was collected for 10 min to ensure the air inside the gassampling container was exchanged 15-20 times. In order to collect a reference air sample, the same procedure was carried out with the empty cuvette.
Carbon isotope composition was estimated with a continuous flow stable isotope ratio mass spectrometer (DeltaPlus XL, ThermoFinnigan, Bremen, Germany) coupled via GasBenchII (ThermoFinnigan, Bremen, Germany) with PreCon (ThermoFinnigan, Bremen, Germany) ensuring CO 2 trapping in liquid N 2 . This made it possible to estimate d 13 CO 2 at low as well as high CO 2 concentrations. Carbon isotope discrimination was calculated according to Evans et al. (1986) as:
where n¼C in /(C in -C out ) and C in and C out are the CO 2 concentrations of the air entering and leaving the chamber, respectively. For d 13 C in the value obtained from air leaving the empty chamber was used.
Mesophyll conductance values were determined by comparing predicted and observed discrimination values. Predicted discrimination (D i ) was calculated according to Evans et al. (1986) as
where a is the fractionation occurring due to diffusion in air (4.4&), b is the net fractionation by Rubisco and phosphoenolpyruvate carboxylase (PEPC) (29&), and C i and C a are the intercellular and ambient concentrations of CO 2 , respectively. Finally, g m was calculated from equation 7 (Evans and von Caemmerer, 1996) 
where 1.8& is the discrimination due to dissolution and diffusion of CO 2 in water. Fractionation resulting from respiration and photorespiration was assumed to be negligible (Warren et al., 2003; Flexas et al., 2007a) .
Results
A strong linear relationship (R 2 ¼0.90) between / co 2 and / PSII and J CO 2 at different CO 2 concentrations (measured in air containing less then 1% O 2 with control and ABAtreated plants) was found, indicating a constant nonassimilatory electron flow. The slope of this relationship was 9.13, in agreement with the range described for other species (Warren and Dreyer, 2006; Flexas et al., 2007a; Warren, 2008a) and no significant differences were observed between treatments.
Using the methods of Laisk (1977) and Warren (2006) At ambient CO 2 , ABA-treated plants presented significantly lower g s than control plants. A N in ABA-treated plants was slightly lower than in control plants, but these differences were non-significant (Table 1) . Consequently, they showed lower C i and C c ( Table 1) .
The response of net photosynthesis to substomatal CO 2 concentration (C i ) of control and ABA-treated plants of Helianthus annuus (Fig. 1A) shows the typical nonrectangular hyperbolic relationship with an initial, almost linear part followed by a near-constant part. The maximum rate of photosynthesis was approximately 37 lmol m À2 s À1 . Analysis of A N /C i curves and their parameters showed very slight non-significant differences between control and ABAtreated plants ( Table 2 ). The linear electron transport rate (J f ) initially increased with C i , peaked at 300 lmol mol À1 , and decreased thereafter (Fig. 1B) , probably due to feedback limitation from the utilization of end-products (Sharkey et al., 1988) . No differences in the rate of linear electron transport between control and ABA-treated plants were found. A reduction of g s over the entire C i range was the only clear effect induced by ABA treatment (Fig. 1C) . Stomatal conductance rose at low C i in both control and ABA-treated plants, with maximum values of 0.43 and 0.28 mol m À2 s À1 , respectively, at C i of 200 lmol mol À1 . Stomatal conductance was reduced to 38% of control in ABA-treated plants at 150-400 lmol mol À1 ambient CO 2 concentration. The maximum reduction (60%) was observed at high CO 2 concentrations.
The dependency of g m on C i by using two independent methods was evaluated by the variable J and isotopic methods. Data from simultaneous measurements of gas exchange and chlorophyll fluorescence were used to calculate g m for most C i values except for very low ones, where A N was close to zero or negative. Non-linear proportionality between g m and C i was observed ( Fig. 2A) with the shape of decline being exponential at C i >200 lmol mol À1 . The initial part of the g m /C i relationship was also analysed using the isotopic method (Fig. 2B) . Within the range of ambient CO 2 of 100-1000 lmol mol À1 , mesophyll conductance showed a pattern similar to the g s /C i dependency, with an initial increase at low CO 2 concentrations followed by a decline at high C i . The isotopic method gave slightly different absolute values of g m , but the pattern of the g m /C i relationship was the same.
Discussion
Water and salt stresses often result in simultaneous decreases of g s and g m (Bongi and Loreto, 1989; Flexas et al., 2002; Centritto et al., 2003; Peeva and Cornic, 2009) , and there is some indication that this could be related to ABA (Flexas et al. 2006 (Flexas et al. , 2008 . The simultaneity of these responses, together with the suggestion that g s and g m also show similar responses to light and CO 2 (Flexas et al., 2007a; Hassiotou et al., 2009; Yin et al., 2009) , have led to the hypothesis that g s and g m are intrinsically co-regulated (Flexas et al., 2008; Peeva and Cornic, 2009 ). However, depression of g m at low g s would increase the shortage of CO 2 at the sites of carboxylation and thus exacerbate the CO 2 limitation to photosynthesis. Therefore, one may speculate that there might be an advantage in terms of carbon gain in enhancing g m at low g s , but, in that case, oscillation of photosynthesis may occur when falling C i triggers stomatal opening (Šantrůček et al., 2003) .
Despite these antecedents, the effects of ABA on g m are far from clear, and there are certainly some controversies regarding the effects of light and CO 2 on g m (Tazoe et al., 2009) . The effects of ABA and CO 2 on g m , and the coregulation of g s and g m in sunflower are addressed here, using two independent methods, i.e. chlorophyll fluorescence and isotope discrimination.
The ABA treatment applied in the present study was sufficient to decrease g s significantly over the entire range of C i , but it did not induce significant changes in either A N , g m or the photosynthetic capacity of leaves at ambient CO 2 . Therefore, the relationship between g s and g m strongly differed between control and ABA-treated plants (Fig. 3A) , and the only difference observed between control and ABAtreated plants in A N /C i curves consisted of a general displacement of ABA-plants data towards lower C i . This means that all values (for both control and ABA-treated plants) were close to the saturated part of the well-known curvilinear relationship between A N and g s , i.e. that at ambient CO 2 A N in these plants was more limited by photosynthetic capacity than by CO 2 availability. This was expected since A N /C i curves were measured at a PPFD double that of the growing PPFD (see Materials and methods), and it is indeed consistent with the relatively low V cmax presented by these plants (Table 2 ) and by the fact that, at ambient CO 2 , they present C i values that are close to the transition point between CO 2 -limited and RuBPlimited photosynthesis (compare C i values in Table 1 with A N /C i curves in Fig. 1 ). It may be argued that the application of exogenous ABA may induce patchy stomatal closure, therefore inducing errors in the estimation of C i , and hence g m , V cmax , etc. (Terashima, 1992; Buckley et al., 1997) . However, although the reduction of g s observed was substantial, g s values in ABA-treated plants were still very high (i.e. higher than 0.25 mol m À2 s À1 ) and they did not significantly affect A N . Using chlorophyll fluorescence imaging, Flexas et al. (2006) showed in other herbaceous species that exogenous ABA did not induce patchy stomatal closure even when g s dropped to much lower values than those here (i.e. lower than 0.05 mol m À2 s À1 ), and it has been shown even in several heterobaric species that patchy stomatal closure does not induce a significant bias in C i calculations until average g s is lower than 0.03 mol m À2 s À1 (Buckley et al., 1997; Flexas et al., 2002) . Moreover, the close similarity in the curvature of the A N /C i dependency itself has been taken as an indication for the absence of patchy stomatal closure in ABA-treated plants (Pospíšilová and Šantrůček, 1994, 1996; Grassi and Magnani, 2005) . Therefore, since a homobaric species was used, and even the lower values of g s induced here are c. 10-fold higher than those known to induce patchiness-related errors in C i , we firmly believe that our C i estimations are accurate. Despite the lack of effect of ABA on g m , both g s and g m were apparently responsive to CO 2 , increasing from low C i to a maximum at about 200 lmol CO 2 mol À1 air, and subsequently decreasing with increasing C i (Fig. 1) . Regarding stomatal conductance, this biphasic pattern is not the most common, but it has been already described for some species like Eucalyptus grandis (Leuning, 1995) , Chenopodium album (Šantrůček and Sage, 1996), or Xanthium strumarium (Messinger et al., 2006) and its inflection point related to the inflection between Rubisco-limited and electron transport-limited photosynthesis (Messinger et al., 2006) , which is in complete agreement with the data presented here (Fig. 1) . Regarding g m , the pattern fully agrees with that reported by Flexas et al. (2007a) for Nicotiana tabacum and Richter-110 grapevine (a hybrid of Vitis berlandieri3rupestris). Remarkably, the two independent methods used showed a similar pattern of g m dependency on C i . The two methods rely on quite a few assumptions and technical difficulties (Pons et al., 2009) , which may to some extent cause these apparent changes of g m with C i . However, the only assumption shared by the two methods is the accuracy of the gas exchange measurements, including the incidence of patchiness discussed above. Therefore, the similarity of the patterns probably reflects the true behaviour of g m in response to C i . Still, a closer examination of the assumptions used and the results obtained may be worthy.
Harley's variable J method requires a proper balance between photosynthesis and photorespiration, and it is sensitive to the values of J, C* and, to a lesser extent, R d used Loreto et al., 1992; Pons et al., 2009) . The extent of photorespiration was calculated in the C i region from 50-1500 lmol mol À1 from gas exchange and fluorescence data according to Valentini et al. (1995) , indicating that photorespiration rates are still significant even at the highest CO 2 concentrations used (Fig. 1a, inset) . Subtraction of the rate of photosynthesis measured in air containing less then 1% O 2 (A) and 21% O 2 (A N ) yielded similar results (data not shown). Therefore, the main assumption underlining the use of Harley's variable J method was not violated over the range of C i studied. Concerning J values, these were properly calibrated at low O 2 , as recommended (Valentini et al., 1995; Pons et al., 2009) . C Ã c was used as a proxy for C*, as in other studies, which has been proved not to affect g m estimates significantly (Warren and Dreyer, 2006) . Moreover, since the values obtained for both control and ABA-treated plants were similar, any deviation from the 'true' value would have resulted in proportionally similar effects in the estimation of g m for both groups of plants. By contrast, R d differed significantly between control and ABA-treated plants, but a sensitivity analysis using either one or another value of R d in both groups of plants showed negligible differences in the estimates of g m (data not shown). To account for the possible artefacts caused by these variables, Harley et al. (1992) established a criterion of reliability, which states that only data with values of dC c /dA N (i.e. the relative variation of chloroplast CO 2 concentration over the variation of photosynthesis) between 10 and 50 can be considered to be reliable. According to this criterion, in the present study data for C i <200 lmol mol À1 and C i > 800 lmol mol
À1
were not reliable. Still, a substantial effect of CO 2 for a C i range between these two extremes was observed, in agreement with Flexas et al. (2007a) . The plants used in the present study presented substantially high rates of photosynthesis, which places them at the limit of accuracy for the use of the Harley's variable J method (Evans and Loreto, 2000) . By contrast, the isotope discrimination method works better with high photosynthesis rates (Evans and Loreto, 2000; Pons et al., 2009) . High photosynthesis brings a high draw-down in CO 2 concentration (and H 2 O). This is an important factor to minimize the errors induced by the estimation of particular constants (R d , C*) and variables (C i , n). Moreover, in conjunction of using a larger leaf cuvette (12 cm 2 , see Materials and methods), high photosynthesis minimizes the errors caused by leaf chamber leaks (Flexas et al., 2007b) , edge effects (Pons and Welschen, 2002) . For the isotopic method, a high n parameter was obtained during these experiments, and thus the difference in d 13 CO 2 in and d 13 CO 2 out was high. Therefore, the error of single d 13 CO 2 estimations was small and thus the subsequent estimation of D 13 CO 2 was very precise. In summary, the precautions taken when using each of the two methods, as well as the good agreement between both (Fig. 3B) suggest that the data were sufficiently reliable. The fact that the isotopic estimates of g m gave slightly higher values than the single point variable J method (Fig. 2) , is in contrast to the observations obtained by Loreto et al. (1992) but in agreement with those of Flexas et al. (2007a, c) . These discrepancies could be due to numerous reasons, such as slightly biased C* estimations in the Harley method, ignoring 13 C fractionation during respiration and photorespiration, or Fig. 2 . Response of mesophyll conductance to substomatal CO 2 concentration estimated by using two independent methods: (A) Variable J method according to Harley et al. (1992) . Values are means 6SD of 12 replicates; the unshaded region indicates g m data with a dC c /dA N between 10 and 50, which are reliable according to Harley et al. (1992) . (B) Isotopic method according to Evans et al. (1986) .
Values are means 6SD of six replicates. Open symbols represent controls while closed symbols represent ABA-treated plants.
the precise value for discrimination by Rubisco (Pons et al., 2009) . Nevertheless, despite some disagreement in the absolute values, the comparison of these two methods revealed a very high correlation (R 2 ¼0.99), except for g m estimations at C i <200 lmol mol À1 (Fig. 3) . These data are situated out of the region where dC c /dA N was between 10 and 50 and thus did not satisfy the criterion of reliability defined by Harley et al. (1992) .
Therefore, the present results largely confirm, using two independent methods, that g m is truly responsive to CO 2 in the short term (Flexas et al., 2007a; Hassiotou et al., 2009; Yin et al., 2009) , even for a species, wheat, in which the absence of response has been described (Tazoe et al., 2009) . The similarity of the patterns of response of both g s and g m to C i could indicate that these two major CO 2 transportlimiting factors are tightly coupled. However, the reduction of g s in ABA-treated plants did not have an effect on g m , which resulted in different slopes for the g s -g m relationship, indicating some degree of independence of these two variables. Therefore, both g s and g m seem to respond similarly to variations in C i , but the link between the two variables is flexible.
